An economic evaluation showed that using PS agents had lower associated cost than using PO agents.
Introduction
Electrolytic manganese residue (EMR) is an industrial waste product from electrolytic metal manganese (EMM) plants which is discharged from the process of sulfuric acid leaching of manganese carbonate, neutralization of ammonia and the pressure ltration treatment of mineral pulp. Currently, about 10-12 metric tons of EMR are derived from each EMM plant for every metric ton of EMM produced. 1 In China, these EMM plants discharge up to 10 million tons of EMR into the environment each year and the accumulated amount is over 60 million tons during the past few years. 1, 2 As the grade of manganese carbonate ore falls, the amount of EMR discharged increases further for the production of every metric ton of EMM, which causes further environmental and human health problems. At present, owing to the shortage of reutilization techniques for EMR, it is primarily transported to the stockyard for stacking without undergoing any preprocessing. 3, 4 There is a great quantity of heavy metal ions from the raw ore and NH 4 + from the neutralization process of EMM in EMR products. In addition, EMR possesses the following characteristics, neness, high humidity, viscosity and toxicity. 5 These characteristics cause serious threat to the surrounding environment and the surface and ground water. It is crucial to exploit reusability technology and nd harmless disposal methods for EMR.
Some research has been previously conducted on the reuse of EMR, including preparation of adsorbents, 6,7 photocatalytic materials 8 and soil fertilizers, 9 production of llers for sulfur cement concrete, 2 granulated blast furnace slag cement, 10 steam-autoclaved bricks, 11, 12 road beds 13 and quasisulphoaluminate cementitious materials, 14 the recovery of valuable metals 1 and so on. Owing to the reduced amount of EMR added, and the process instability and high cost, few studies have reported the industrial utilization of EMR. To date, the harmless disposal of EMR has remained the main focus, before the stacking and reuse of EMR. Some compounds, such as quicklime, carbonates, phosphates, caustic magnesia, 15 sodium hydroxide, 16 carbon dioxide 3 and so forth, were used to immobilize the heavy metal ions in EMR, although with less consideration of the NH 4 + in EMR.
Owing to operational simplicity, low cost, the availability in large amounts and the ability to treat pollutants in a large scale operation, stabilization/solidication technology has been extensively applied to the harmless disposal of various pollutants. 17 Solidication or immobilization prompts a reduction in the potential hazards from the waste by converting the contaminants into their least soluble, mobile or toxic form and also imparts some strength to the waste, which is favorable for their utilization or stacking. Ammonium from the leachate is removed by forming a struvite precipitation with phosphate and magnesium sources of magnesite, 
Materials and methods

Materials
EMR was collected from a residue storage facility at an EMM plant in Chongqing, China. Before immobilization, the residue sample was dried to a constant weight at 80 C. The dried residue sample was ground using a ball mill and sieved using a screen with a 180 mm bore diameter for all experiments. The chemicals used were of analytical grade, CaO, MgSO 4 $7H 2 O, MgO,Na 3 PO 4 $12H 2 O and so forth, and deionized water was used in the process of contaminant immobilization.
Immobilization process for contaminants
A series of experiments were conducted at room temperature using a convoluted shaking (1) and (2) .
In which m and m t are the NH 4 + mass (mg) in the raw EMR and the leach liquor of the treated EMR at the specied time, respectively. Both n and n t are the Mn 2+ mass (mg) in the raw EMR and the leach liquor of the treated EMR at the specied time, respectively.
Characterization
The pH of the EMR slurry was measured using a pH meter (pHS-25, INESA, China). The chemical compositions of the raw EMR samples were determined using an X-ray uorescence (XRF) spectrometer (XRF-1800, Shimazu, Japan). The phase compositions and the morphology characteristics of the raw EMR and the treated EMR were analyzed using an X-ray diffractometer (XRD) technique (X'Pert PRO, Panalytical, Holland), a scanning electron microscopy (SEM) and an energy dispersive X-ray spectroscopy system (EDS) ( P IGMA+X-Max20, Zeiss, Germany). The concentration of Mn 2+ and other metal ions in the leach liquor were measured using a ame atomic absorption spectrophotometer (180-80, Hitachi, Japan). The concentrations of NH 4 + and P were measured by a UV-vis spectrometer (UV-8000S, Shanghai Metash, China) at wavelengths of 420 nm and 700 nm, respectively.
Results and discussion
Characterization of raw EMR
The major chemical compositions of the raw EMR determined using X-ray uorescence analysis are shown in Table 1 , amounting to 98.2% of the total amount of the sample. Fig. 1 shows that the crystalline phases of the raw EMR mainly included Fig. 4b ).
Effect of the dose of CaO and the reaction time
The immobilization of NH 4 + and Mn 2+ from EMR are inuenced by the pH. 15, 23 To adjust the pH of the EMR slurry, different doses of CaO with PS agents or PO agents were added to the EMR samples. Fig. 5a shows that the immobilization of NH 4 + and Mn
2+
were inuenced by adding CaO using PS agents under the following conditions: 10 g residue sample, a water : EMR mass ratio of 4 : 1, and a Mg : P : NH 4 + molar ratio of 1.5 : 1.5 : 1. The efficiency of the NH 4 + immobilization rstly increased and decreased later with an increase in the dose of CaO within the same reaction time, the maximum value obtained was 92.4% over a 1 h reaction time. This was attributed to using the appropriate pH. As shown in Fig. 5b , the pH of the EMR slurry aer completion of the reaction was raised as the dosage of the added CaO increased at the specied time. When the dose of added CaO was 0.3 g, the pH of the EMR slurry ranged from 9.66 to 9.13 with a reaction time from 0.5 to 4 h, which allowed the NH 4 + to form deposits and to be immobilized. A higher pH resulted in the conversion of NH 4 + into NH 3 and allowed it to escape from the EMR, which could cause secondary pollution. Ahmet Gunay reported that the minimum solubility of struvite in a reaction product was observed in the range of pH 8.8-9.4.
18
The efficiency of Mn 2+ immobilization remained constant in general when the dose of added CaO was greater than 0.3 g and the reaction time was over 1 h. To summarize, the optimum conditions were 0.3 g of added CaO (i.e., CaO : EMR mass ratio of 0.03 : 1) and a 1 h reaction time using PS agents. Fig. 6a shows that the immobilization of NH 4 + and Mn
2+
were inuenced by the added CaO using PO agents at a Mg : P : NH 4 + molar ratio of 3 : 1.5 : 1. The efficiency of the View Article Online NH 4 + immobilization rst increased and then decreased as the dose of added CaO was increased at the same reaction time. The maximum efficiency was 83.5% when the amount of added CaO was 0.1 g and the reaction time was 2 h. Adding further CaO (>0.3 g) gave rise to a higher pH (as shown in Fig. 5b ) and a lower efficiency of the immobilization of NH 4 + , which was due to higher pH of the slurry of EMR which was unfavorably to forming NH 4 + deposits. 24 As shown in Fig. 5a , the immobilization of Mn 2+ was weakly inuenced by the amount of added 
Analysis of the mechanism
The crystalline phases of the treated EMR samples using PS agents and PO agents were analyzed using XRD technology. As shown in Fig. 7a and b, Fig. 3 Immobilization of contaminants (a), and the change in the P concentration (b) using PS agents. 2 and Ca 3 (PO 4 ) 2 were discovered in the treated samples. The peaks of SiO 2 were detected both in the raw EMR (Fig. 1) and the treated samples, indicating that the compound could not be changed using immobilizing agents. The SEM micrographs and EDS data for the point analysis of the treated EMR samples using PS and PO agents respectively are displayed in Fig. 8 . The results demonstrated that the crystalline and amorphous phases overlapped and were linked to each other. The number of regular cylindrical particles from the treated EMR using PS and PO agents respectively declined obviously, compared to the raw EMR data shown in Fig. 2 (3)- (10)) and those using PS agents (eqn (4)- (10)) are given below. Schematic illustrations of the proposed mechanisms of the PS and PO agents are shown in Fig. 9 and are based on the reaction equations. 
using PS agents (a) and PO agents (b). Table 4 ). An economic evaluation of the immobilization of contaminants from EMR was performed. In the evaluation, the market prices of the used chemicals were obtained from the trading platform of Alibaba and the results are shown in Table 3 . The cost of the chemicals used for NH 4 + and Mn 2+ immobilization using PS agents and PO agents were calculated as being $81.9 per t and $87.5 per t, respectively. Obviously, the use of PS agents has a lower associated cost. In addition, the optimal reaction time for using PS agents is 1 h, which was less than that required when using PO agents (shown in Fig. 5a and 6a 2 . These newly formed phases were stable and insoluble, which was conducive to the stacking and reuse of EMR.
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